Abstract This study analyses the changes in the electromyographic activity (EMG) of six major muscles of the leg during an incremental running test carried out on a treadmill. These muscles, the gluteus maximus (GM), biceps femoris (BF), vastus lateralis (VL), rectus femoris (RF), tibialis anterior (TA) and gastrocnemius (Ga) are known to have quite different functions during running. The aim of this study was to develop a methodology adapted to the analysis of integrated EMG (iEMG) running results, and to test the chronology of the onset of fatigue of the major muscles involved in running. Nine well-trained subjects [ _ V O 2max 76 (2.9) ml.min À1 .kg À1 ] took part in this study. They completed a running protocol consisting of 4 min stages, incrementally increasing in speed until exhaustion. The EMG signal was recorded during ten bursts of activation analysed separately at 45 s and 3 min 40 s of each stage. During running, consideration of the alteration in stride frequency with either an increase in speed or the onset of fatigue appears to be an indispensable part of the assessment of muscular fatigue. This allows the comparison of muscular activation between the various stage speeds by the use of common working units. Distance seems to be the only working unit that allows this comparison and thus the determination of the appearance of fatigue during running. The biarticular hip-mobilising muscles (RF and BF), which present two different bursts of activation during one running cycle, are the muscles that show the earliest signs of fatigue.
Introduction
The existence of relationships between EMG activity and the local physiological state has incited some authors, for example Viitasalo et al. (1985) and Moritani and de Vries (1980) to examine the possibility of using EMG as a non-invasive means of assessing muscular fatigue during physical activity. Used in this sense, it provides a means of observing the appearance of fatigue at the level of the structures directly involved in driving the activity, and also for the comparison of muscles that are recruited differently. Fatigue has often been determined during incremental exercise protocols as a breakpoint in the relationship between the integrated EMG (iEMG) and exercise intensity (Nagata et al. 1981) , or as a significant increase in iEMG between the beginning and the end of a given stage (Hanon et al. 1998) . With this last method, it can be stated that an increase in iEMG observed at a given intensity is the result of an additional recruitment of muscle fibres.
The majority of studies in this area have been carried out using an ergocycle and have focused on the activation of the quadriceps muscles, usually the vastus lateralis (VL), vastus medialis (VM) (Viitasalo et al. 1985) or the rectus femoris (RF) (Glass et al. 1998 , Lucia et al. 1998 . To the best of our knowledge, only three different studies have been conducted on treadmill running (Taylor and Bronks 1994; Mateika and Duffin 1994 and Hanon et al. 1998) . In these studies only the VL and/or the gastrocnemius (Ga) were studied. No information is available concerning other muscles that have, according to Mann and Sprague (1980) and Lemaire and Robertson (1987) , an important function during running such as the biceps femoris (BF), the gluteus maximus (GM) or the RF. Indeed, some muscles are monoarticular (VL, VM), whereas others are biarticular (RF, BF).
According to Jacobs et al. (1993) , monoarticular muscles are activated primarily to contribute to positive work whereas the biarticular muscles provide fine regulation of the distribution of net moments about the hip and knee joints (Ebenbichler et al. 1998) .
The different muscles involved in any given activity do not have comparable modalities of activation. For example, during running, Mann et al. (1986) and Simonsen et al. (1985) have identified two distinct periods of activation for the BF as a hip extensor and knee flexor and for the RF as a hip flexor and knee extensor, and only one for the Ga, as an ankle plantar flexor. When studying changes in muscle activation with fatigue, the characteristics of the exercise type should be taken into account. While pedalling on an ergometric cycle implies mostly a fixed cadence, running allows the participants to adjust their stride frequency and length by greater or lesser amounts (Nilsson et al. 1985 ). An EMG burst that depends on both the quantity and the quality of impulses can vary according to the stride frequency. Therefore, EMG burst cannot be considered as a steady parameter even during the same stage.
The present study was conducted on a treadmill, in order to test the chronology of the onset of fatigue during running by comparing muscles that have quite different functions during this activity. It was also intended to determine a method adapted to running that allows the assessment of the fatigue component in the increase in the level of muscular activation. Therefore, this study aims to consider the fact that stride frequency can change both with speed and with fatigue, which implies that this must be taken into consideration during EMG analysis. The level and duration of the muscular activation analysed per burst in the different phases of the stride should help to clarify the possibility of mechanical adaptation related to fatigue, as suggested by Williams et al. (1991) .
Methods

Subjects
Nine well-trained (5-7 training sessions per week) male subjects took part in this study. Their mean (SD) age, body mass and height were 26.8 (5.13) years, 65.4 (2.20) kg and 179.9 (3.72) cm, respectively. The subjects were informed of the experimental procedures and gave their written consent before the onset of the tests. Prior to the experiment, each subject underwent a general medical check-up.
Experimental protocol
The test included two types of exercise. An isometric protocol consisting of maximal isometric voluntary contractions of the hip extensors, hip flexors/knee extensors, knee flexors and ankle dorsal flexor was performed at the beginning of the experiment, prior the running protocol. A progressive treadmill run until exhaustion, consisting of 4-min stages separated by 1-min rest periods was then performed.
EMG data collection
The EMG was recorded throughout the experiment (the running and isometric protocols).The EMG signals were picked up from the bellies of the VL, RF, BF, TA, and Ga muscles using a bipolar configuration (electrodes 10 mm Ag-AgCl, Numeris). The skin was scraped to ensure that the impedance was kept below 1,000 W. The EMG signal was recorded continuously throughout each test, amplified (·600), filtered (bandwidth 6-1,500 Hz, Mazet Electronic) and stored on cassette using a digital audio tape recorder (KMT D-8 Mini type, bandwidth 12 kHz per channel with 12-bit data resolution, Sony). Off-line EMG recorded samples were digitised using a 1 kHz sampling rate and stored on computer disk.
Isometric protocol
Several types of isometric tests were conducted, each with the assistance of a particular ergometer intended to maximally activate the desired muscle: for the VL and the RF, 120°knee extensions (180°= complete knee extension); for the BF, 150°knee extensions; for the GM, 120°hip extensions (180°corresponding to alignment of trunk and leg); for the TA, 90°dorsi-flexions (90°corresponding to the anatomical angle of the leg and the foot), and for the Ga, 120°plantar flexions (180°c orresponds to complete plantar flexion). The ergometers were adjusted so that the movement of the mechanical lever arm was blocked by installing a metal rod that linked the lever arm to the frame of the ergometer so that no movement was possible. A forcesensitive strain gauge was installed into this system. Except for the Ga, the desired exercise was a one-sided effort of the right member. Care was taken to align the flexion-extension axis of the joint with the axis of the ergometer and to adapt the length of the lever arm to the segment length of the subject.
Each type of maximal isometric effort was performed twice for 5-6 s, separated by 2 min of rest. During each isometric effort, the subjects were verbally encouraged. The electromyographic activity was analysed and integrated during the best 2 s average activation out of the two trials. This iEMG value was taken to correspond to the maximal activation (iEMG max ).
Running protocol
The incremental tests were conducted on a motorised treadmill (0% gradient). The velocity was controlled continuously by an electronic cell placed on the treadmill belt and was increased by 2 km.h À1 (and by 1 km.h À1 from 20 km.h À1 ) in 4-min stages until the subjects reached exhaustion. At the end of each stage the exercise was interrupted for a 1-min rest. The test began at a treadmill velocity of 13 km.h À1 [corresponding to approximately 65% of the average maximal oxygen uptake ( _ V O 2max ) for this group]. Before the tests, the subjects were required to run for 10 min at a treadmill velocity progressively increased from 9-11 km.h À1 as a warm up.
Determination of contact time
In order to determine the contact time (heel touchdown to toe-off) and consequently the cycle duration (heel touchdown to heel touchdown) and flight time (toe-off to heel touchdown), an insole (Biometrics) was placed in the right shoe of each runner. This insole is composed of pressuresensitive zones. Two of these zones, corresponding to the heel and to the toe were used for this study.
Run EMG analysis
Two different methods of data analysis were utilised ( Fig. 1 ): burst and distance analysis.
EMG analysis on a burst scale
The EMG signal recorded during the different running stages was analysed at the start (S) and at the end (E) of each 4-min stage. Ten consecutive running bursts were sampled one-by-one at 45 s (S) and 3 min 40 s (E), respectively. The corresponding EMG signal was then integrated over each whole burst to give the iEMG. The two extreme values were not taken into account and the mean value of the eight running bursts was then expressed relative to those obtained at the start of the first stage. For biphasic muscles (RF, BF) this treatment by burst allows separate analysis of the bursts recorded during contact phase (RF-c, BF-c) and flight phase (RFf, BF-f). The part of the burst recorded just before the foot contact was considered as the contact phase. The aim of this analysis was to gain information about the duration and the relative level of activation during the bursts. The duration was expressed in two ways, either in milliseconds or relative to the duration of the stride cycle. To allow comparison with the maximal muscular activation, the muscular activation produced during a burst was first expressed with regard to the burst duration (iEMG/burst duration) and then related to the iEMG max . (see Hanon et al. 1998 ).
EMG analysis on distance scale
For this type of analysis, it is necessary to examine the required activations in order to produce a quantity of constant work (i.e. the body mass of the subject · the movement distance). For our subjects, a distance of 20 m corresponded on average to 10.6 strides at 13 km.h À1 and 7 strides at 22 km.h À1 .
Statistics and run-iEMG fatigue threshold determination
Changes in the data compared to changes in treadmill velocity were shown by an analysis of variance (ANO-VA) for repeated measures. The run-iEMG fatigue threshold was determined by using paired Student's t-tests comparing the run-iEMG values between S and E of each successive stage. The first stage where a significant difference was detected was considered to be the run-iEMG fatigue threshold. Changes at a value of P<0.05 were considered to be significant.
Results
The ), the stride duration, flight duration and contact duration decreased from 534 to 469, 340 to 316 and 194 to 152 ms, respectively. These differences were significant (P<.05) in the middle of the tests (speeds of 15-19 km.h À1 ) for the stride duration, and at the end of the test (19-22 km.h À1 ) for the contact duration. No significant difference was noted for the flight duration.
As shown in Table 1 , the stride parameter durations were steady during the major part of the test. A significant decrease was observed during the final stage for both the flight and stride durations. The contact duration remained steady throughout the test.
EMG parameters
Depending on the muscles being assessed, it was possible to observe one (Ga, VL) or two (BF, RF) bursts of activation during each running cycle. The muscular activation for the TA appeared as a burst of activation which was not easily divisible, therefore we chose to consider it as a single burst of activation.
Duration of activation
The duration of the bursts of activation can be expressed in milliseconds or in relation to the stride duration, as discussed in the Methods section. When expressed in milliseconds, the duration of activation varied substantially among the different muscles. For instance, at 13 km.h À1 , it increased from 111 (29) ms [burst of activation of the BF recorded during the flight phase (BF-f)] to 468 (53) ms (burst of activation in the TA). The duration of activation expressed in milliseconds varied during the test depending on the phase of the stride; it decreased during the contact phase when speed increases, whereas it tended to increase for bursts recorded during the flight phase (BF-f and RF-f).
When expressed relative to the stride duration, the burst durations differed considerably between the muscles; for example at 13 km.h À1 the burst durations were 33.1 (5.9)% for the VL and 86.9 (6.7)% for the TA. The burst durations at this time for the Ga, BF and RF were 42.4 (3.7)%, 66.8 (3.4)% and 39.3 (7.1)%, respectively. The consequences of increasing speed on this parameter are quite different. The duration of activation for the Ga and VL tended to decrease with increases in speed (P<0.05). The biarticular hip-mobilising muscles (BF, RF) were activated for a longer period of time relative to the stride duration when the speed increased [+12.98 (1.8)% between the beginning and the end of the test, P<0.05].
The duration of the burst of RF activity increased significantly during the last stage (n), from 109 (31) to 138 (25) ms for the burst of activation recorded during the contact phase (RF-c), and decreased significantly for RF-f, from 155 (31) to 138 (50) ms during the nÀ2 stage and from 157 (40) to 141 (50) ms during the nÀ1 stage.
Level of activation
At 21 km.h À1 , the results ranged from 36% [RF(c+f)/2] to 62% [BF(c+f)/2] of maximal activation. The TA, Ga and VL were activated at 42 (8.5), 56 (7.6) and 60 (82)% of the iEMG max , respectively.
Determination of muscular fatigue
On the burst scale, a significant increase in the iEMG between the start and the end of a given stage was shown for BF-c and RF-c at the end of the test. One stage before the end of the test, the level of activation for RF-f started to increase significantly (P<0.05).
When analysed on the distance scale, as shown in Table 2 , the Ga was the only muscle that did not show an increase in muscular activation between the 20 m at the start and the final 20 m at the end of the stage. The DiEMG 20 increased significantly during the last stage for both the VL and the TA. For the BF and the RF, a significant increase in iEMG was observed during stages nÀ2 or nÀ1, depending on the stride phase. The chronology of the appearance of the different fatigue thresholds are presented in Fig. 2 .
Discussion
The main finding of the present study is that during running the hip-mobilising muscles become fatigued earlier than the other lower limb muscles studied. These muscles show an increase in their activation in response to increases in speed. Moreover, it appears that the best methodological way to assess muscular fatigue during treadmill running is to analyse the EMG using a distance scale.
Methods of data analysis
The modes of analysis suggested in the literature concerning the appearance of fatigue during pedalling propose testing the evolution of the iEMG on a given number of bursts Bronks 1995, Viitasalo et al. 1985) or duration , Glass et al. 1998 ). These methods are not adapted to the characteristics of running. Analysis of the evolution of the stride parameters shows that on a treadmill at a given speed, the stride frequency increases with the maintenance of the last stages as has been previously observed during long-duration stages on a treadmill (Hausswirth et al. 1997 , Kyro¨lainen et al. 2000 . Thus the characteristics of each burst of activation can vary concurrently with changes in stride length and frequency. In our study, the stride frequency increased with fatigue, thus for a given number of bursts the distance covered is lower, whereas for a given duration, it can be higher. Indeed, the distance covered, and therefore the work achieved, appears to differ according to the analytical method used. As speed is fixed and frequency increases, burst analysis can not be considered as a stable parameter. Hence, the stride length and thus the quantity of impulses during the contact phase decrease for a given stride cycle (Mero et al. 1992 ). The onset of fatigue, which leads to an increase in the iEMG during submaximal constant contractions (Enoka and Stuart 1992) , may thus be compensated and then masked by this decrease in the number of impulses.
Averaging the level of activation (level of activation/ duration of activation) does not make it possible to solve this methodological problem. Indeed, this ratio depends on the combined influences of the increase in both the frequency and fatigue on the level and the duration of activation. Indeed, depending on the muscle, the level of activation has a tendency to increase or remain constant (VL), meaning that fatigue could have a greater influence on the level of activation than the increase in the frequency. The burst duration may remain stable (Ga), decrease (Ga, TA) or increase (BF, RF). Thus, one can observe means of activation that evolve differently in fatigued muscles. Consideration of the mean muscular activation is relevant only if the biomechanical parameters are constant.
It therefore appeared valuable to use a work unit as a base, i.e. a common distance, for the comparison of the levels of muscular activation between the beginning and the end of a given stage. The choice of the reference distance (20 m) corresponds to that approximately travelled during the 10 bursts collected at 13 km.h À1 . At the speeds considered, the energy cost corresponding to a given distance is independent of speed (Margaria et al. 1963) . Consequently, the distance covered is equivalent to the energy expenditure and can be regarded as being equivalent to the work output. The quantity of EMG per meter travelled may thus be considered as a quantity of EMG per work unit. This type of analysis involves multiplying the level of activation recorded during a burst by the number of bursts recorded over 20 m and comparing the values recorded at the beginning and end of the same stage. Using this method, the onset of fatigue was apparent earlier than when using the burst analysis alone. Indeed, the iEMG measured during each burst tended to increase at the end of the stage, as did the number of bursts necessary to travel the reference distance. Taking these two factors into account simultaneously accentuates the difference in muscular activation between the beginning and the end of the stage. This is particularly true for the hip-mobilising muscles (RF and BF) (Fig. 2) .
Appearance of fatigue and the influence of increased speed
The RF and the BF, the two hip-mobilising muscles, were fatigued earlier than the other lower limb muscles Table 2 Evolution of the distance integrated electromyogram (DiEMG) for the various muscles during each stage of the exercise test. Data are given as the means (SD). Ga Gastrocnemius, TA tibialis anterior, VL vastus lateralis, BF-c biceps femoris, contact phase, BF-f biceps femoris, flight phase, RF-c rectus femoris, contact phase, RF-f rectus femoris, flight phase studied (the VL, Ga, and TA). The RF and BF present some common characteristics; both are biarticular biphasic muscles solicited during the contact phase and the support phase, and their activation durations increase relative to the duration of the stride cycle when the speed increases. Moreover, contrary to monoarticular muscles, the level of activation recorded during a burst increased linearly with speed (Fig. 3) . These activation characteristics tend to show that the increase in speed has a greater influence on these two muscles than on the other muscles tested. Our results are in accordance with previous studies (Lemaire and Robertson 1987; Belli et al. 2002) that describe the respective contribution of hip, knee and ankle muscles when speed increases. According to these authors, the role of the ankle and knee extensors is to create high joint stiffness before and during the contact phase. It is quite different to the role of the hip extensors, which are considered as the prime forward movers of the body. Moreover, changes linked to increasing running speed are noted as being particularly important at the hip joint (Belli et al. 2002) . Similarly, according to Luhtanen and Komi (1978) , the levels of ground reaction forces recorded on the platform are further increased with speed on the horizontal axis than on the vertical axis. Hence, one can understand why the propelling hip muscles are mobilised to a greater extent. The role of the BF and more generally of the hip extensors in sprinting has been widely reported, in particular by Mero et al. (1992) , Montgomery et al. (1994) and Simonsen et al. (1985) . More recently, Ky¨rola¨inen et al. (2001) have demonstrated an important increase in the EMG activity of the BF with increasing running speed. In the present study, the BF was activated at an average level of 62% of the iEMG max for 75% of the stride cycle (21 km.h À1 ), resulting in a recovery phase of 100 ms, divided into two parts. The early fatigue observed for the BF in the present study can be explained by the increased activation of this muscle when speed increases.
The early fatigue observed for the RF is more questionable; the RF appears to be recruited for an equally long period of time (56% of the time at 21 km.h 1 ) but to a lower level (36% of iEMG max ) than the BF. For Williams et al. (1991) and Candau et al. (1998) some biomechanical adaptations to fatigue could result in altered activity for a particular muscle. For example, flexing the knee to a greater degree will result in a reduction of the metabolic work performed by the hip flexors as fatigue occurs (Williams 1991) . Thus the increase in activation observed during the last stages for muscles like the RF that are not so intensely activated is questionable, and could equally be interpreted as compensation for fatigue of other areas.
The data of Williams et al. (1991) and Candau et al. (1998) shows a significant increase in step length with fatigue. The increase in stride length associated with fatigue as observed by these authors does not sustain our hypothesis of fatigue of the hip muscles and is contrary to our results (decrease of stride length), which argue more in favour of the hypothesis of fatigue of the RF and BF. Moreover, the level of activation of the other knee extensor assessed in the present study (VL) increased during the last stage of the running test, after the intra-stage increase of activation observed for the RF. Hence, the RF does not appear to compensate for the fatigue of the other muscles assessed in the present study.
Finally, the burst durations of the RF change during the stages depending on the cycle phase; showing an increase in RF-c during the last stage and a decrease in RF-f during nÀ2 and nÀ1. The decrease for RF-f duration seems consistent with the decrease of the duration of suspension during the last stages, but the increasing duration of activation (in the contact phase) occurs while the duration of impact is almost stable. Nevertheless, this could be either the result of fatigue (a longer duration of recruitment needed to produce the same number of impulses) or be due to biomechanical pattern changes with fatigue. It is difficult to determine if there are only quantitative changes (most importantly the number of muscular fibres recruited to limit the decline of the force during impact, an increase in the frequency of the stride to maintain the same speed) or qualitative changes, with certain muscles compensating for others.
The possibility to assess muscle outside of the running context as done by Hanon et al. (1998) and Hausswirth et al. (2000) could be an interesting methodological way to address the causes of increased activation. In these previous studies, the subjects maintained isometric contraction of the knee extensor muscles immediately after running sessions. This procedure allowed freedom from modifications of biomechanical patterns. Unfortunately, it is not possible to test more than one muscle just after the end of a running session and the muscle assessed in these previous studies was the VL. In future studies, this methodological approach could be used for the RF. Causes of fatigue Nevertheless, our study presents more arguments in favour of fatigue of the RF being observed in the two last stages than in favour of biomechanical adaptations. The influence of speed is particularly important for this muscle. The inter-stage iEMG increase observed during the suspension phase corresponds to the shift in activation of the RF noted by Nilsson et al. (1985) . Moreover, it has also been noted by many authors, including Eldgerton et al. (1975) , that the RF is a muscle characterised by a typology strongly dominated by type II fibres, which according to Komi and Tesch (1979) among others, makes it a fatigable muscle.
The early intra-stage increase in activation developed by the RF emphasises the influence of the frequency of initiation of contractions on the onset of fatigue. This phenomenon has already been observed by Bergstrom and Hultman (1988) who compared two continuous and intermittent work regimes and showed that fatigue develops faster in the case of an intermittent regime. Duchateau and Hainaut (1985) have argued that to develop repetitive muscular tension costs more than to maintain it, principally because the Ca 2+ ATPase of the sarcoplasmic reticulum must restore the intracellular gradients to the rest state after each contraction.
The early onset of fatigue for the BF and RF, the two biphasic muscles, also leads us to think that the ratio of working time/rest period, defined by Green (1991) as the 'duty cycle' can be called upon. Indeed, the quality of irrigation of these muscles and thus the O 2 supply as well as the release of the metabolites is deteriorated by an important duty-cycle (Hermansen 1981) . It was shown that during running the muscles investigated are subjected to an alternation of working time/rest period which varies greatly, according to their role during running. This ratio makes it possible to at least partly explain the chronology of the onset of fatigue during running; the biarticular hip-mobilising muscles (the BF and RF) are the first muscles to fatigue whereas the Ga does not present any sign of fatigue in this study. Moreover, as observed by Kyro¨la¨inen at al. (2000) , the increased stride frequency may have increased the amount of muscular activity by shortening the duration of relaxation.
In conclusion, it appears that the best methodological way to assess muscular fatigue during running on a treadmill is to analyse the EMG according to a distance scale. Our results reveal that the hip-mobilising muscles are fatigued earlier than the other lower limb muscles studied in this study. It seems reasonable to suggest the hypothesis that the clear increase in the participation of the BF and the RF to the high speed noted here (and which is well supported by the literature) is consistent with the linear increase of the stride length with speed, and explains the resulting fatigue. Possibly due to the short duration of the stages used in our protocol (4 min), biomechanical adaptations to fatigue were not clearly demonstrated in this study.
Nevertheless, we can hypothesise that depending on the speed, when exercise continues, the muscles exhausted earliest may be different: the Ga, and the VL at lower speeds; the BF and the RF at higher speeds. In the first case, the duration of the stages should be longer than in the present study to evidence fatigue of the Ga and VL. In addition, concerning running, two types of adaptation to fatigue should be differentiated depending on whether the context allows (track) or not (treadmill) a decrease in speed.
